Abstract-A single-sided high-temperature superconducting (HTS) linear synchronous motor (HTSLSM) with an HTS bulk magnet array as its secondary has been developed, and a split pulse coil magnetization system is used to magnetize the secondary HTS bulks with alternating magnetic poles. The electromagnetic parameters of the HTSLSM have been calculated to verify its performance. The HTSLSM is incorporated with a developed control system based on the voltage space vector pulsewidth modulation strategy implemented by a computer-software-controlled platform. A compositive experimental testing system has also been developed to measure the thrust and normal force of the HTSLSM. The traits of the thrust and normal force have been comprehensively identified experimentally, and the results from the experiments and analysis would benefit the electromagnetic design and the control scheme development for the HTSLSM.
, where ZFC means that the HTS bulks are cooled to superconducting state before they are exposed to the external field, which is generated by the linear motor primary windings here. In [1] , only a ZFC YBCO HTS bulk was used in the secondary as a result that a very small thrust is generated, and in fact, it is a type of linear reluctance motor, while in [2] , a vertical type of doublesided HTSLSM with the ZFC HTS bulk secondary was proposed. 2) HTSLSM with ordinary copper windings on the primary and magnetized HTS bulk magnets or HTS coil magnets on the secondary [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In [3] and [4] , a double-sided HTSLSM was introduced with its secondary composed of two plate-shaped field-cooled YBCO bulks, and the influences of the spacing and the size of the two YBCO bulks on the thrust were investigated with some conclusions obtained. A theoretical model of double-sided HTSLSM for the electromagnetic aircraft launch system (EMALS) was built up in [5] , and the analytical results show that the HTSLSM could be the best candidate for EMALS in the near future while the newer materials with higher trapped magnetic fields were discovered and the cost of cryogenic operations continues to decrease. In our previous work, a single-sided HTSLSM with YBCO bulk magnet secondary levitated by HTS magnetic suspension subsystems on both sides [6] , [7] and a double-sided HTSLSM with YBCO bulk magnet secondary levitated by an HTS magnetic suspension subsystem on its bottom [8] have been developed, and both of them can run well without any slide friction force at any states. In Japan, a Bi-2223/Ag coil magnet has been developed for an LSM used in a maglev [9] [10] [11] [12] , where the HTS coil magnet is used for the magnetic suspension simultaneously; however, the wheels should be used to support the vehicle when the maglev stays stationary or has a speed less than 100 km/h. 3) HTSLSM with HTS windings on the primary [13] and conventional permanent magnets (PMs) on the secondary. Its primary was composed of six Bi-2223 racetrack double pancake coils, and it worked under 33 K achieved by conduction cooling method with a Gifford-Mcmahon (G-M) cryocooler. Now, the HTS bulks can trap magnetic fields above 2.3 T at 77 K and 17 T at 29 K [14] , [15] , which are much higher than conventional PMs. Compared to the conventional linear motors, the HTSLSM with HTS bulk magnets as its secondary has the potential to realize smaller volume and less weight to provide the same thrust.
A single-sided long-primary HTSLSM prototype with yttrium barium copper oxide (YBCO) bulk magnet array secondary composed of six alternate magnetic poles has been developed. In previous work, the thrust characteristic of the HTSLSM has been studied when its secondary is suspended by an HTS bulk-PM guideway magnetic suspension subsystem [6] , [7] . In this paper, the thrust and normal force characteristics of the HTSLSM are experimentally studied by using a compositive thrust and normal force measurement system practically built; as a result, substantial conclusions have been obtained, mainly including their variations versus the exciting currents, the air gap lengths, the number of magnetic poles, and the magnet arrangement schemes.
II. MODEL AND MAGNETIZATION SYSTEM OF HTSLSM

A. Model of HTSLSM
The model of the developed single-sided HTSLSM is shown in Fig. 1 . Its primary has a tooth-slot structure with concentrated windings, and the secondary is made of 24 YBCO HTS bulk magnets installed in a cryogenic vessel to form six magnetic poles with alternating poles (north or south pole) along the moving direction (y-direction), and the same poles are installed side by side along transversal direction (z-direction) to reach a suitable width as shown in Fig. 1(b) from the top view. The experiment setup is shown in Fig. 1(c) . Main dimensions of the HTSLSM are summarized in Table I .
B. Magnetization System
To realize alternating magnetic poles magnetization for the secondary HTS bulk magnet array, a split pulse coil magnetization system is proposed as shown in Fig. 2 . The HTS bulks are installed in a stainless steel cryostat and cooled by liquid N 2 . The cryostat is vacuum in five profiles except for the top profile, and it is 5 mm thick for the bottom profile, so that the minimum electromagnetic air gap length for the HTSLSM is limited to 5 mm. After one magnetic pole is magnetized, the secondary module is moved forward with a step length of one pole pitch τ , and then, the next HTS bulk row is magnetized, in turn, with an opposite magnetization direction; consequently, the alternating magnetic poles are obtained.
The traits of trapping flux density B trap by pulse magnetization for two HTS bulk samples (BU1 and BU2) having different qualities are measured and compared as shown in Fig. 3 . It can be seen that the B trap of HTS bulk increases almost linearly with pulse field B pulse before saturation, where it has an optimum B pulse for saturation magnetization with maximum trapped magnetic field B trap_ max . The quality of HTS bulk also has substantial influence on the magnetic flux trapping capability. Therefore, an optimum B pulse can be found to magnetize the HTS bulks.
After magnetization, the magnetic flux density distribution of the HTS bulk magnet array with six magnetic poles is shown in Fig. 4 , and the values of which are observed from its surface with a distance of 3 mm.
III. PARAMETERS OF THE HTSLSM
A. Flux Linkage
The flux linkage distribution along the longitudinal direction of the HTSLSM is shown in Fig. 5 . Neglecting the magnetic reluctance of primary iron core, the flux linkage per turn can be obtained approximately as (1) , shown at the bottom of the next page, where F is the MMF of magnetic circuit; R s is the magnetic reluctance of HTS bulk magnet and
; R g is the magnetic reluctance of air gap and R g = 2K c2 τ /μ 0 w s h s ; Fig. 2 . Scheme of a split pulse coil system for magnetization of the HTS bulk magnet array having alternating magnetic poles. μ 0 is the permeability of vacuum; μ r is the relative permeability of HTS bulk magnet; H sc is the coercive force of HTS bulk magnet; B trap is the trapped flux density of HTS bulk magnet; g is the air gap length; P denotes the pole pairs of HTS bulk magnet; l s , w s , and h s denote the length, width, and height of HTS bulk magnet, respectively; l t and w t denote the length and width of stator tooth, respectively; and K ci (i = 1, 2) denotes the Carter coefficients. When the parameters shown in Table I are substituted in (1), the ψ SC_1 can be calculated as a value of 1.86 mWb, and the total flux linkage for N 1 -turn coil ψ sc (N * 1 ψ SC_1 ) is 0.37 Wb. The flux linkages can also be obtained by no-load finiteelement analysis (FEA) transient simulation based on the Ansoft/Maxwell software. When the secondary mover is set to run at a constant velocity of 0.45 m/s (namely, the frequency f = 5 Hz) without any exciting current, the three-phase flux linkages are obtained as shown in Fig. 6 . It is observed that the flux linkage waveforms are almost perfect sinusoid and three-phase symmetrical having the same magnitude of 0.33 Wb but are shifted by 120
• electrical angle to each other, and the magnitudes are accordant with the calculated ones with a slight difference mainly caused by the approximate calculations.
B. No-Load Back EMF
When the secondary mover moves, a back EMF E 0 is induced in the stator windings, which is determined with a root means square (rms) value as where
is the back EMF constant, v s is the synchronous velocity and v s = 2τ f, and k N is the winding factor and k N = 0.866 for the used type of concentrated windings. When v s is 0.45 m/s, the E 0 is calculated as a value of 7.48 V, and the maximum value is 10.58 V (2 0.5 E 0 ). Based on the no-load FEA transient simulation, the threephase back EMF is obtained as shown in Fig. 7 , which is sinusoid and three-phase symmetrical with almost the same amplitudes of 10.29 V under the v s of 0.45 m/s. This value is consistent with that obtained by analytical calculation based on (2).
C. d-Axis and q-Axis Synchronous Inductances
For the long-primary stator LSM, its armature reaction inductance L a has been analyzed [16] and can be expressed as
where m is the number of phases; N t denotes the total turns of one phase winding; g denotes the effective length of electromagnetic air gap and g = K c g, with K c as the Carter coefficient; and w t denotes the effective width of armature stator iron and w t = K E w t , with K E as the angular coefficient. The main leak inductance is
where P 1 is the total pole pairs of primary stator. The d-axis synchronous inductance is
where 
D. Synchronous Reactance
The armature reaction reactance is
The armature leakage reactance is
Hence, the synchronous reactance is
IV. CONTROL SYSTEM AND MEASUREMENT SYSTEM
A. Control System for the HTSLSM
The space vector pulse width modulation (SVPWM) control strategy as an optimized PWM method has been used to build up a closed-loop simulation control platform for the HTSLSM by the Matlab/Simulink as shown in Fig. 9 . Fig. 10 shows the simulated result of the starting characteristic, which indicates that the motor can reach a constant speed in a short time.
Based on the SVPWM method, the SVPWM signals can be generated by the LabVIEW software and have been realized by the LabVIEW software for the motor control practically. Different from the Simulink simulation model, the dead time t d must be inserted into the output sequence of the SVPWM practically produced by the LabVIEW in order to avoid short circuit occurring, and the output SVPWM waveforms after adding dead time are shown in Fig. 11 .
B. Measurement System
The compositive measurement system of thrust and normal force for the HTSLSM is built as shown in Fig. 12 . It mainly consists of one pulling sensor, four pressure sensors, one pulley, and a load. The locked-mover thrust is measured by using the pulling sensor connected to one side of the secondary mover and the load connected to the other side of the mover. The normal force can be tested by using the four pressure sensors symmetrically fixed between the secondary mover and the wheels running along the tracks.
The locked-mover thrust and normal force of the HTSLSM are measured under the frequency of 12 Hz, the rms of phase current I 1 of 3.36 A, and the air gap length g of 10.5 mm, as shown in Fig. 13 . From Fig. 13(a) , the waveform of the lockedmover thrust is nearly sinusoidal, and the amplitude of which is the maximum thrust F em_ max . The locked-mover normal force waveform from Fig. 13(b) is also nearly sinusoidal whose amplitude is the maximum normal force F n_ max . Hence, the characteristics of F em_ max and F n_ max of the HTSLSM can be obtained by measuring the amplitudes of the locked-mover thrust and normal force under different conditions.
V. RESULTS AND ANALYSIS
A. F em and F n Versus Exciting Current
For the long-primary HTSLSM, the stator copper loss cannot be neglected [17] , consequently the electromagnetic thrust can be derived as follows:
where U 1 is the amplitude of phase voltage and U 1 = I 1 (X t + R 1 ), and φ denotes the load shift angle and φ = arctan R 1 /X t . When load angle θ = 90
• − φ, the F em_ max can be obtained. For the HTS bulk magnet, the fictitious equivalent current I f can be obtained corresponding to its coercive force H sc and height h s Fig. 9 . Closed-loop control system based on SVPWM for the HTSLSM. The three-phase currents and q-axis current are set and given by
From (12), the I q and I d are obtained as
where γ 0 is the electromagnetic force angle, which is the angle between the phase current I 1 and the HTS bulk magnet equivalent current I f , γ 0 = ωt − πx/τ , and x denotes the actual distance (the position of the mover) between the axis of magnet pole and the axis of phase A winding [18] . Considering the condition of L d = L q for the single-sided HTSLSM [17] , the normal force can be deduced out as where ψ d and ψ q are the d-axis and q-axis flux linkages, respectively. When I d = 0, I q can obtain the maximum value of I q = √ 3I 1 , so (15) can be further simplified as
When B trap = 0.5 T, f = 5 Hz, and g = 10.5 mm, the F em_ max is measured as a function of I 1 as shown in Fig. 14 . It can be seen that the F em_ max increases almost linearly with I 1 and shows a good agreement with the calculated results by the magnetic circuit method based on (10) . The F n_ max also increases nearly linearly with the phase current as shown in Fig. 15 . It exhibits a bit difference between the measurements and the calculations resulting from the measurement error. 
B. F em and F n Versus Length of Air Gap
The influences of air gap length on the F em and F n are investigated by changing the g from 10.5 to 16.0 mm. The measurements show that the F em_ max and F n_ max decrease linearly as g increases as shown in Fig. 16 . However, the slope of F n_ max decreasing rates is bigger than that of F em_ max obviously. When f = 5 Hz and I = 5.44 A, the value of F n_ max /F em_ max changes from 3.17 to 2.15 as g varies from 10.5 to 16.0 mm as shown in Fig. 17 . 
C. F em and F n Versus Number of Magnetic Poles
When g = 13 mm, the F em_ max and F n_ max are measured in case the number of magnetic poles n is two, four, and six, respectively. The results indicate that the F em_ max and F n_ max increase linearly with n as shown in Fig. 18 , and the slope of rising rates increases with the amplitude of I 1 . When the I 1 is bigger than a critical value applied, the value of F n_ max /F em_ max decreases linearly with n as shown in Fig. 19 . For example, if the n is changed from two to six under I = 11.26 A, the ratio will decrease from 2.4 to 1.5.
D. F em and F n Versus Different Magnet Arrangements
The influences of different magnet arrangements on the F em and F n are also studied experimentally. The F em_ max and F n_ max for two different secondary magnet arrangement models of 4 (y-direction) × 4 (z-direction) and 8 (y-direction) × 2 (z-direction) are measured as a function of I 1 as shown in Fig. 20(a) and (b) , respectively. It is found out that the magnet array of 8 (y-direction) × 2 (z-direction) generates larger F em_ max and F n_ max with a smaller ratio of F n_ max /F em_ max than that by the magnet array 4 (y-direction) × 4 (z-direction) as shown in Fig. 21 .
VI. CONCLUSION
A single-sided HTSLSM prototype with an HTS bulk magnet array as the secondary has been experimentally developed with a split pulse coil magnetization system to obtain the secondary HTS bulk magnet array with alternating magnetic poles. The electromagnetic parameters have been calculated by the magnetic circuit method and FEA method for the performance prediction. A compositive measurement system has been developed to measure the thrust and normal force of the HTSLSM, and the experimental results obtained show the principal relations that the thrust, normal force, and the ratio of F n_ max /F em_ max are influenced by the exciting current, the air gap length, the number of magnetic poles, and the arrangement modes of secondary HTS bulk magnets regularly. Therefore, a rated thrust and a desired ratio of F n_ max /F em_ max of HTSLSM can be realized by controlling relative electromagnetic parameters, structure parameters, or the arrangement modes of secondary HTS bulk magnet array. When the HTS bulks with higher trapped magnetic fields are used in the prac- tical applications, a better thrust performance of the HTSLSMs can be readily realized than conventional linear motors.
